V ascular malformations of the spinal cord represent a rare clinical entity with profound clinical implications. 7, 9 Of these infrequent lesions, spinal dural arteriovenous fistulas (sDAVFs) are the most common. Fortunately, our understanding of the pathological anatomy allows a multifaceted approach to diagnosis and treatment. Fistula formation between a radicular artery and medullary vein leads to venous hypertension resulting in myelopathy.
tion, retreatment, and neurological status of patients with sDAVFs who had undergone embolization and/or resection. After obtaining institutional review board approval at the Massachusetts General Hospital (MGH), we retrospectively reviewed the records of 47 patients with spinal arteriovenous malformations (AVMs) evaluated by spinal angiography between January 2004 and December 2013. Of these lesions, 7 were determined to be paraspinal lesions, 2 were juvenile type lesions, 2 were glomus type lesions, and 2 were perimedullary or Type 4 spinal AVMs. The remaining 34 lesions were sDAVFs or Type I spinal vascular malformations, which were treated with endovascular and/or open surgical modalities. 2 The study sample was collected by reviewing the MGH cerebrovascular surgery and radiology databases within the study period. All historical, clinical, radiological, and follow-up information was obtained from the electronic medical record in accordance with the Health Insurance Portability and Accountability Act (HIPAA).
Detailed historical, clinical, radiological, and follow-up data were collected for each patient. Recanalization, or recurrence, was defined as the presence of persistent arteriovenous shunting or fistula at the time of the first and/or last angiographic follow-up as compared with the initial posttreatment angiogram. Clinical outcomes consisted of the recorded historical and physical examination components of neurological or neurosurgical follow-up appointments, and examination findings were compared with symptoms at presentation. Symptoms were recorded as improved if the patient experienced improvement or resolution of the presenting symptoms and as unchanged or worsened if no changes were noted. At clinical presentation, patients were initially evaluated with MR angiography (MRA) of the spinal vasculature to determine the presence and anatomical level of the lesion (Fig. 1) . Patients subsequently underwent spinal digital subtraction angiography (DSA). At the time of angiography, definitive embolization was attempted with N-butyl cyanoacrylate (NBCA; Cordis Microvascular Inc.) or ethylene vinyl alcohol (Onyx, Covidien) if the pathological radicular artery did not provide anterior spinal artery (ASA) supply (Fig. 2) . If the ASA supply was noted, the patient was referred for surgical intervention (Fig. 3) . If the embolization could not be performed for technical reasons, the patient was also referred for surgery. Surgery consisted of laminectomy at the appropriate spinal level with clipping and disconnection of the fistula (Fig. 4) . All patients underwent immediate postoperative DSA or MRA to confirm effective fistula disruption, although 4 patients did not undergo later follow-up imaging.
Statistical Analyses
Descriptive statistics were calculated for clinical and radiological factors, using the median and/or mean as a measure of central tendency. Fisher's exact test was performed using GraphPad software with p < 0.05 prospectively determined as a level of statistical significance.
Results

Population Characteristics
A total of 34 patients with sDAVFs were captured in our retrospective search. The characteristic data for these patients and their pathologies are detailed in Table 1 . Twenty-nine of the patients (85%) were male, and the median patient age was 63.3 years. No family history of vascular malformations was noted at presentation for any of the patients.
Gait, sensory changes, weakness, and bowel and/or bladder dysfunction were the most frequent chief complaints among the patients (13 [38%]; Table 1 ). Only 3 patients presented with a "complete" spinal cord injury with plegia, sensory changes, and loss of sphincter function. As described in prior series, the majority of lesions in this study were located within the thoracic spine (20 [59%]), followed by the lumbar spine (12 [35%] ). Cervical fistulas were rare (2 [6%]).
All patients underwent spinal DSA following a spinal MRA study suggesting vascular pathology. Endovascular embolization was attempted as the primary treatment for 20 fistulas (59%). The remaining 14 lesions (41%) were initially treated with surgery. In those cases in which endovascular intervention was not attempted, ASA feeders were found in proximity to the fistula, precluding a reasonably safe embolization. Ethylene vinyl alcohol was the primary agent used in the majority of embolizations (16 [80%] ), and NBCA was used in the remaining 4 (20%).
Outcome Data
Following treatment, 30 of 34 patients were followed up with DSA and/or MRA over an average of 36 weeks following intervention. Preoperative MRA was accurate with correct laterality and level in 22 patients (65%), within 2 levels in 25 patients (74%), and was indeterminate (Fig. 4) had no evidence of persistent arteriovenous shunting at the follow-up (13 patients), although 1 patient required multiple operations within the same hospitalization to effectively address the lesion (p = 0.0237; Table 2 ).
At the most recent clinical follow-up, 30 patients (88%) had experienced some resolution of their presenting symptoms: 17 (85%) of 20 treated with endovascular embolization compared with 13 (93%) of 14 treated with open surgery (p = 0.63), indicating that there was no associated difference between those patients who underwent primary endovascular treatment and those who underwent primary surgical treatment. Endovascular patients with partial embolization who progressed to further treatment also had symptom improvement; all 6 patients showed partial symptom resolution. Eighteen patients had presented with symptoms progressing over the course of more than 52 weeks, with the other 16 patients presenting with subacute to acute deterioration. No statistically significant association was found between symptom recovery and time to presentation (p = 1.00). Three patients Complications were observed in 1 patient who had undergone primary surgical intervention; he required repeat surgery because of a symptomatic pseudomeningocele following his initial surgery. Another patient required additional follow-up for a wound seroma that was managed conservatively. Among the endovascular cases, 2 microcatheter ruptures occurred during primary embolization. Dissection of a thoracic segmental vessel occurred without vascular compromise and was managed conservatively; it was noted to have resolved at follow-up angiography. Also of note, 10 of the endovascular patients received > 5 Gy of radiation during the course of their embolization procedure.
Discussion
Spinal dural arteriovenous fistulas represent the most common form of spinal vascular malformation. 4, 6, 7, 9 As reflected in our data, they occur more frequently in men and in the thoracic and lumbar spine. Our experience reflects a growing trend within the endovascular and surgical communities evaluating both interventional and surgical options in planning treatment, with strong consideration given to endovascular treatment if feasible and safe. 3, 5, 12, 14, 15 Surgical occlusion has been the mainstay treatment of these lesions since their recognition given their relatively favorable anatomy and surgical feasibility.
7 Advances in intraoperative microscopy and imaging have augmented our ability to address these lesions surgically. 13 As seen in our cohort, patients fare very well overall with little surgical morbidity. For example, only 1 surgically addressed case required more than 1 operation to close the lesion. No deterioration reflecting a cord or nerve root injury at the time of surgery was seen in our cohort. Endovascular intervention has developed from an adjunct to a potential alternative to surgery. 1, 8, 10, 11, 16, 17 Improved embolic agents such as ethylene vinyl alcohol copolymer have increased the number of lesions that can be considered for endovascular intervention. Yet, as shown in our results, the efficacy and overall durability of this method remains inferior to surgical occlusion. The complete occlusion in the cases treated with NBCA merits further study, but given our small number of cases, definitive conclusions cannot be drawn. Moreover, the technical limitations of embolic treatment are borne out in our cohort. An ASA originating from the same level as the sDAVF occurred in nearly half of our patients, limiting the generalizability of endovascular embolization to all sDAVFs. Nonetheless, within our cohort, endovascular intervention as a primary treatment was not associated with an overall worse outcome. However, the microcatheter perforations and the > 5-Gy radiation exposure in 10 patients indicate that we must continue to improve our technologies and techniques to secure these lesions in a shorter period of time with less radiation exposure.
Unfortunately, because of its retrospective nature, our study has many shortcomings that make definitive conclusions difficult. Confounders regarding clinical decision always confuse the strength of the presented conclusions as well as their applicability across different centers. Al- though the need for open surgical treatment after an attempt at embolization can appear as a shortcoming of the endovascular intervention, it can aid anatomical localization in the surgical dissection. Possible benefits of this nature are difficult to parse out. Furthermore, the variability in patient follow-up (both clinical and radiological) and stratified examination of patient outcomes limit the full reliability of the data.
Conclusions
Open neurosurgical intervention was associated with more frequent occlusion of sDAVFs as well as a decreased need for further procedures. Endovascular intervention as a primary intervention was not associated with worse outcomes but was associated with incomplete fistula occlusion and the need for repeat endovascular and/or surgical procedures. Surgical intervention should continue to be considered as the primary management for sDAVF.
